Introduction
============

Continuous optimization of risk-adapted multi-agent treatment has led to excellent curative rates in the majority of children and adolescents suffering from acute lymphoblastic leukemia (ALL).^[@b1-1051887]--[@b9-1051887]^ However, the progress in ALL subtype classification according to the nature of specific sentinel genetic aberrations identified molecular ALL subgroups like low-hypodiploid, *KMT2A*-rearranged or *BCR-ABL1* positive precursor-B-ALL (B-ALL) with distinct biological and clinical characteristics associated with poor outcome. Intensive chemotherapy, including allogeneic hematopoietic stem cell transplantation (HSCT) for some of these patients, is associated with severe toxicity and long-term sequelae.

In this context, one of the first ALL genetic aberrations identified was the gene fusion *BCR-ABL1* resulting from the chromosomal translocation t(9;22) (generating the so-called Philadelphia chromosome), translated into the BCR-ABL1 fusion protein, a constitutively active tyrosine kinase, which can be inhibited by tyrosine kinase inhibitors (TKI). This is an excellent example for a successful molecular treatment target: the addition of the first-generation TKI imatinib to intensive chemotherapy back-bone has led, in fact, to a significant improvement of outcome in children with Philadelphia chromosome positive ALL (Ph^+^ ALL) with cure rates of 60--70%.^[@b10-1051887]--[@b18-1051887]^ The Children's Oncology Group (COG) studies showed a clear advantage in Ph^+^ ALL from continuous protracted exposure to TKI combined with chemotherapy, challenging the indications to transplant for all patients with Ph^+^ ALL.^[@b16-1051887]--[@b18-1051887]^ COG results were confirmed by the European intergroup study group for treatment of Ph^+^ ALL (EsPhALL) in the EsPhALL2004 and the subsequent EsPhALL2010 studies, showing that intensive chemotherapy combined with imatinib given continuously from induction phase allows a remarkable reduction in the rate of HSCT, without affecting outcome.^[@b13-1051887]--[@b15-1051887]^ However, these trials also demonstrated that the combination of chemotherapy and imatinib is associated with a high rate of treatment-related toxicity and mortality.

In the last decade, different tyrosine kinase gene fusions other than *BCR-ABL1* have been identified which are sensitive to TKI similar as *BCR-ABL1*. These so called ABL-class fusions typically comprise rearrangements of the *ABL1, ABL2, PDGFRB* and *CSF1R* genes, each of which can have different fusion partner genes. ABL-class fusion positive B-ALL subtypes other than BCR-ABL1 have been identified showing a gene expression profile largely similar to that of Ph^+^ ALL. Therefore, they are included in the *BCR-ABL1*-/Ph-like-ALL group recognized as a provisional entity in the 2016 World Health Organization classification of myeloid neoplasms and acute leukemia although they only make up a minor proportion of patients in this new category. Whereas BCR-ABL1-/Ph-like-ALL accounts for 15--20% of all pediatric B-ALL, the frequency of ABL-class fusion positive B-ALL is estimated to be about 2-3% which is similar to the frequency of *BCR-ABL1* pos. ALL.^[@b19-1051887]--[@b21-1051887]^ *BCR-ABL1*-/Ph-like ALL is associated with other high-risk clinical features, such as older age, elevated white blood cell (WBC) count at diagnosis, high rates of end-induction minimal residual disease (MRD), as well as increased risk of induction failure and of leukemia relapse.^[@b22-1051887]--[@b28-1051887]^

Data on the ABL-class fusion positive ALL other than Ph^+^ ALL are rare and are limited to anecdotal case reports. In this study, we retrospectively analyzed clinical characteristics and outcome of ABL-class fusion positive cases treated based on contemporary MRD-based protocols of the Associazione Italiana di Ematologia-Oncologia Pediatrica-Berlin-Frankfurt-Münster (AIEOP-BFM ALL study group. The aim was to provide a comprehensive picture of current outcome of these cases without the addition of a TKI to chemotherapy, and to get first data on those cases in which a TKI was added to chemotherapy. It should serve as a basis on which to decide whether the addition of a TKI to chemotherapy may be beneficial, when taking into account the risk of a relevant increase of toxicity and treatment-related mortality (TRM).

Methods
=======

Patients and diagnostics
------------------------

This retrospective survey of ABL-class fusion positive B-ALL other than Ph^+^ ALL was performed in patients aged 1--17 years, treated from October 2000 to August 2018 according to the AIEOP-BFM ALL 2000 and 2009 protocols in Centers in Austria, Australia, Czech Republic, Germany, Israel, Italy, and Switzerland.

Routine diagnostics was performed according to national standards based on protocol requirements.^[@b8-1051887],[@b9-1051887],[@b29-1051887]--[@b31-1051887]^ Diagnosis of ALL was made when 25% or more lymphoblastic cells were present cytomorphologically in the bone marrow. Flow-cytometry immunophenotyping was performed based on the AIEOP-BFM consensus guidelines.^[@b29-1051887]^ Complete remission (CR) was defined as the absence of physical signs of leukemia or detectable leukemia cells on blood smears, a bone marrow with active hematopoiesis and \<5% blasts, and morphologically normal cerebrospinal fluid. Presence of *ETV6-RUNX1, BCR-ABL1* and *KMT2A-AFF1* fusion transcripts was screened as previously described.^[@b8-1051887],[@b9-1051887]^

ABL-class fusions screening, not required by protocols, was performed in a minority of patients according to the policy of individual centers or due to poor response to treatment. Methods used included fluorescence *in situ* hybridization (FISH, e.g. using probes by Cytocell^®^, Cambridge, UK), multiplex or singleplex reverse-transcription polymerase chain reaction (PCR),^[@b32-1051887]^ array comparative genomic hybridization (CGH) (Agilent Technologies, Waldbronn, Germany) with subsequent confirmation by panel-based RNA-sequencing (e.g. TruSight RNA Pan-Cancer Panel; Illumina, San Diego, CA, USA), whole transcriptome or direct panel-based RNA-sequencing.

In both protocols, patient stratification was mainly based on quantitative assessment of minimal residual disease (MRD) using clone-specific immunoglobulin- and T-cell receptor-gene rearrangements by PCR (PCR-MRD) after induction (treatment day 33) and consolidation (day 78) therapy. In AIEOP-BFM ALL 2009, MRD was additionally measured by flow cytometry on treatment day 15 (FCM-MRD).^[@b33-1051887]^ The logistics of the AIEOP-BFM ALL studies, cell sample isolation, and MRD marker identification, as well as MRD-based risk stratification of the AIEOP-BFM ALL 2000 study, have been previously reported.^[@b8-1051887],[@b9-1051887]^ In the AIEOP-BFM ALL 2009 trial, patients were additionally allocated to the high-risk (HR) group, when PCR-MRD was ≥5×10^−4^ on day 33 and still measurable on day 78 and/or if FCM-MRD at day 15 was ≥10%.

Details on chemotherapy regimens and randomized treatment interventions, as well as HSCT indication, were reported else-where.^[@b8-1051887],[@b9-1051887],[@b34-1051887]^ The study AIEOP-BFM ALL 2000 is registered at *[www.clinicaltrials.gov](http://www.clinicaltrials.gov)* by BFM as NCT00430118 and by AIEOP as NCT00613457; the study AIEOP-BFM ALL 2009 is registered as NCT01117441. The analyses were approved by local Institutional Review Boards and informed consent was obtained from the patients and/or guardians in accordance with the Declaration of Helsinki.

Statistical analysis
--------------------

Event-free survival (EFS) was calculated from diagnosis to first failure, which was defined as death during induction therapy, resistance, relapse, death in CR, or development of a second malignant neoplasm (SMN). Rates were calculated according to Kaplan-Meier and compared by log-rank test.^[@b35-1051887],[@b36-1051887]^ Kaplan-Meier plots that compared HSCT with chemotherapy were adjusted to account for the waiting time to transplantation (with a landmark at median time to HSCT). Cumulative incidence of relapse and TRM functions were constructed by the method of Kalbfleisch and Prentice and compared with Gray test.^[@b37-1051887],[@b38-1051887]^ Proportional differences between patient groups were analyzed by χ^2^ or Fisher\'s exact tests.

Results
=======

We identified 46 ABL-class fusion positive cases diagnosed between October 2000 and August 2018 treated according to AIEOP-BFM ALL 2000 and 2009 protocols.

*ABL1* fusions were identified in 15 cases, *ABL2* fusions in five cases, *CSF1R* fusions in three cases, and *PDGFRB* rearrangements in 23 cases (*Online Supplementary Table S1*).

Overall, 33 patients received chemotherapy without the addition of any TKI (no-TKI group); a TKI was added on an individual basis and not according to protocol during treatment in 13 cases (TKI group; imatinib in 8 and dasatinib in 5 cases) diagnosed between February 2011 and April 2018. In eight of these 13 cases, TKI was introduced at the end of induction or during consolidation therapy, in four during post-consolidation HR-blocks and in one case after HSCT (for details see *Online Supplementary Figure S1*).

Altogether, 36 of 46 (78.3%) patients were treated in the HR group \[(no-TKI 24 of 33 (72.7%)\], TKI 12 of 13 (92.3%)), and HSCT in first CR was performed in 25 of 46 (54.3%) patients: in 16 of 33 (48.5%) of no-TKI and in 9 of 13 (69.3%) of TKI-treated patients ([Table 1](#t1-1051887){ref-type="table"}). Compared to the entire group of B-ALL patients of the AIEOP-BFM ALL 2000 study, ABL-class fusion positive cases were older and had higher white blood cell counts at diagnosis (WBC), with a statistically significant difference for NCI-HR features (*P*\<0.0001 each) ([Table 1](#t1-1051887){ref-type="table"}). ABL-class fusion positive cases had a significantly worse response to treatment compared to the entire B-ALL 2000 cohort: prednisone poor response (PPR) was observed in 50% *versus* 5.6% of patients with data available, high MRD level (≥5×10^−4^) after induction treatment (EoI) in 71.4% *versus* 19.2% and after consolidation (EoC) in 51.2% *versus* 5.1% of cases with data available. There are, however, differences by type of ABL-class fusion: the majority of PDGFRB-fusion positive cases with data available showed a PPR (17 of 23, 73.9%), high EoI-MRD (20 of 21, 95.2% with data available) as well as high EoC-MRD (15 of 20, 75% with data available). In contrast, in ABL1-class positive cases, PPR (2 of 14, 14.3%), high EoI-MRD (6 of 15, 40.0%), and high EoC-MRD (2 of 14, 14.3%) were observed much less frequently ([Table 1](#t1-1051887){ref-type="table"}). Of note, we observed a favorable MRD response (MRD negative or low-positive) at EoC in 5 of 6 ABL-class positive cases with MRD data available in whom a TKI was added to chemotherapy before EoC (three had an ABL1-fusion and two had a *PDGFRB*-fusion).

###### 

Patients\' and clinical characteristics and response to treatment according to ABL-class fusion and tyrosine kinase inhibitor (TKI) treatment in comparison with the entire AIEOP-BFM 2000 B-ALL cohort.

![](1051887.tab1)

For the entire cohort of 46 cases, 5-year EFS was 49.1+8.9% and 5-year OS 69.6+7.8%; CIR was 25.6+8.2% (9 events) and TRM 20.8+6.8% (8 events) ([Figure 1A and B](#f1-1051887){ref-type="fig"}). Six of the nine patients with leukemia relapse in first CR were successfully treated subsequently and are in long-term CR. One case was resistant to treatment (resistance defined as blast persistence after three HR blocks) and two presented with SMN after HSCT (one thyroid cancer and one lymphoma), both patients with SMN were treated successfully. Details of the events are shown in [Table 2](#t2-1051887){ref-type="table"}.

![Treatment outcome of patients with pediatric ABL-class fusion positive acute lymphoblastic leukemia (ALL). Kaplan-Meier estimates for the whole cohort of 46 cases. (A) Event-free survival (pEFS) and overall survival (pOS) at 5 years (y). (B) Cumulative incidence of relapses (CIR) and of treatment-related mortality (CI-TRM) at 5 years. According to ABL-class fusion subtype, *ABL1, PDGFRB*, others (*ABL2* n=5, *CSFR* n=2): (C) EFS. (D) OS.](1051887.fig1){#f1-1051887}

###### 

Distribution of events according to tyrosine kinase inhibitor (TKI) treatment.

![](1051887.tab2)

No significant differences in 5-year EFS and 5-year OS were observed comparing the ABL-class subgroups *ABL1*-fusions, *PDGFRB*-fusions and other fusions (5 *ABL2* and 3 *CSFR1* fusions) ([Figure 1C and D](#f1-1051887){ref-type="fig"}). Interestingly, the ABL1-fusion positive group, which showed a better treatment sensitivity as compared to the *PDGFRB*-fusion positive group, had a higher frequency of relapses (5 of 15 patients vs. 3 of 23); of note HSCT was performed only in 2 of 15 ABL1-fusion positive cases *versus* 17 of 23 *PDGFRB*-fusion positive cases (*Online Supplementary Figure S2A--C*).

Patients treated with TKI had worse features (12 of 13 were HR *vs*. 24 of 33 in no-TKI treated patients) and the majority of them underwent HSCT (9 of 13 *vs*. 16 of 33); their 5-year EFS and 5-year-OS did not differ significantly compared with the no-TKI group: EFS no-TKI 47.7+10.0%, TKI 62.9+5.4%, *P*=0.98; OS no-TKI 70.9+9.0%, TKI 75.5+12.3%, *P*=0.64 ([Figure 2A and B](#f2-1051887){ref-type="fig"}). Whereas TRM was similar in both groups, only one out of 13 cases of the TKI patients relapsed *versus* 8 of 33 of no-TKI cases (*Online Supplementary Figure S3A and B*). Of note, there were four late occurring events in the no-TKI group: two SMN after HSCT and two late relapses in *ZMIZ1-ABL1* positive patients not transplanted.

![Treatment outcome of patients with pediatric ABL-class fusion positive acute lymphoblastic leukemia (ALL) according to treatment without or with tyrosine kinase inhibitor (TKI). Kaplan-Meier estimates comparing patients treated without TKI (no-TKI) and with TKI (TKI) are shown. (A) Event-free survival (EFS) at 5 years (y). (B) Overall survival (OS) at 5 years.](1051887.fig2){#f2-1051887}

No significant difference in outcome between patients treated with or without HSCT were seen: 5-year EFS was 47.9+11.4% *versus* 55.0+15.5%, *P*=0.35; 5-year OS 66.7+10.5% *versus* 84.0+10.6%, *P*=0.22) (*Online Supplementary Figure S4A and B*). However, analyzing the events in more detail, it is remarkable that the majority of events in HSCT-treated patients (n=25) were non-relapse events (TRM=6, SMN=2, relapses=3) whereas in patients not transplanted (n= 21) relapses predominated (TRM=1, relapses=6) ([Table 2](#t2-1051887){ref-type="table"}). In those patients who were not treated with TKI, the CIR and TRM rate in transplanted *versus* not transplanted cases were 13.2+9.3% *versus* 43.8+17.8%, *P*=0.06 (CIR) and 32.3+12.4% *versus* 0.0%, *P*=0.034 (TRM*) (Online Supplementary Figure S4C and D*).

Analysis by MRD showed a 5-year EFS of 40.4±11.4% in EoI-MRD≥5×10^−4^ *versus* 76.2±14.8% in EoI MRD\<5×10^−4^, *P*=0.11) (*Online Supplementary Figure S5A*); CIR was similar in both MRD groups (27.3+11.2% *vs*. 23.8+15.9%, *P*=0.74), while TRM in patients with EoI-MRD≥5×10^−4^ was 25.4+9.4% *versus* 0.0% in EoI MRD\<5×10^−4^ (*P*=0.1) (*Online Supplementary Figure S5B*). By EoC-MRD, 5-year EFS in cases with an MRD≥5×10^−4^ was 46.2+12.1% *versus* 56.7+15.4% in those with MRD\<5×10^−4^, *P*=0.31. However, it should be considered that 19 of 21 patients with EoC-MRD≥5×10^−4^ received HSCT *versus* only three of 20 patients with MRD\<5×10^−4^ (*Online Supplementary Figure S6*).

We also analyzed the outcome of patients with a WBC higher or less than 100×10^9^/L: 5-year EFS was 36.8+12.7% *versus* 59.9+11.6%, respectively, *P*=0.21, while 5-year OS was significantly lower in patients with a WBC \>100×10^9^/L (48.8+12.9% *vs*. 87.4+6.8%, *P*=0.036). This difference was more pronounced in the no-TKI group with a 5-year EFS 27.8+13.6% *versus* 61.8+12.7%, *P*=0.07 and an OS of 36.7+14.6% *versus* 94.4+5.4%, respectively, *P*=0.0015) ([Figure 3A and B](#f3-1051887){ref-type="fig"}).

![Treatment outcome of patients with pediatric ABL-class fusion positive acute lymphoblastic leukemia (ALL) according to white blood cell count at diagnosis (WBC). Kaplan-Meier estimates comparing patients with WBC \<100×10^9^/L and patients with WBC equal or \>100×10^9^/L are shown. (A) Event-free survival (pEFS) at 5 years. (B) Overall survival (pOS) at 5 years.](1051887.fig3){#f3-1051887}

Discussion
==========

The improvement in genetic diagnostics has allowed the identification of rare ALL subgroups with specific clinical characteristics and target lesions. In this context, ABL-class fusion positive B-ALL other than Ph^+^ ALL constitutes a challenging entity, which is estimated to represent about 2--3% of childhood ALL. The frequency is reported in the context of the *BCR-ABL1*-/Ph-like ALL, which is higher in adolescents and associated with higher risk features and a worse outcome as compared to the non-*BCR-ABL1*-/Ph-like ALL patients.^[@b20-1051887],[@b21-1051887],[@b23-1051887],[@b26-1051887]^ First protocols based on "precision medicine" have been designed to identify and treat ALL patients with drugs specific for targetable lesions given in addition to standard chemotherapy (e.g. St Jude Total XVII (NCT03117751) and AALL1131(NCT02883049)). Within the *BCR-ABL1*-/Ph-like ALL group, it is suggested that patients with ABL-class fusion positive ALL might benefit from the addition of TKI to chemotherapy. However, besides the above mentioned on-going trials, no con-trolled studies have been conducted in this field so far, and the published data on the role of TKI for this subgroup is restricted to case reports.^[@b21-1051887],[@b39-1051887],[@b40-1051887]^

We report here the largest series of ABL-class fusion positive cases, treated according to two consecutive AIEOP-BFM ALL protocols with a stratification mostly based on MRD response. Screening for ABL-class rearrangements was not required by the protocols and was often done retrospectively in the frame of research projects, thus, no conclusions on incidence can be drawn from this retrospective study. Likewise, due to the selection in screening policy, the outcome data need to be interpreted with great caution. Nevertheless, the cohort described here provides interesting information and clearly shows the urgent need for prospective co-operative clinical studies.

When compared with other B-ALL patients recruited in the AIEOP-BFM ALL protocols, the ABL-class fusion positive cases identified in this study included higher proportions of patients aged ten years or older and presenting with hyperleukocytosis (WBC ≥100×10^9^/L). Interestingly, the distribution by age and WBC counts is similar to that of patients with Ph^+^ ALL included in the EsPhALL studies.^[@b15-1051887]^ Poor MRD response at the end of consolidation phase IB (≥5×10^−4^) was detected in a high proportion of patients with available data (21 of 41, 51%); similar to that of Ph^+^ ALL patients treated without TKI in the AIEOP-BFM ALL 2000 study, where 22 of 54 (41%) patients had high MRD (≥5×10^−4^) after consolidation phase.^[@b8-1051887]^ Interestingly, in patients who had already been treated with a TKI during consolidation, the majority (6 of 8) had either a low positive or negative EoC-MRD, suggesting a beneficial role of the addition of TKI; however, the low number of TKI-treated patients with EoC-MRD data available does not allow any definitive conclusion to be drawn.

The EFS of the entire cohort was poor, particularly for patients not receiving TKI: \<50% at 5 years, very similar to the outcome of Ph^+^ ALL patients treated in AIEOP-BFM ALL 2000 without TKI.^[@b8-1051887]^ This poor outcome was observed even though most patients were treated according to the high-risk schedule and more than half of them underwent HSCT in first CR, a strategy similar to that applied for the cohort of Ph^+^ ALL patients of the AIEOP-BFM ALL 2000 study.^[@b8-1051887]^ Interestingly, the outcome was dismal in patients with WBC ≥100x10^9^/L, as reported also for Ph^+^ ALL patients treated in the EsPhALL studies.^[@b14-1051887],[@b15-1051887]^

The impact of HSCT in the cohort reported here is not clear since transplanted patients had an outcome similar to that of patients who were not transplanted. However, patients who received HSCT had worse features, thus, per protocol, an indication for HSCT (and considering the fact that HSCT was associated with a very low rate of relapses), one may infer that HSCT might be effective in disease control. HSCT was, however, also associated with high TRM: six out of 25 patients died of TRM.

Only a minority of our patients (13 of 46) received a TKI (either imatinib or dasatinib). It was not given by protocol; it was used in different schedules, basically decided by treating physicians, and generally due to poor response to chemotherapy. Obviously, the identification of the target lesion had already been achieved during treatment. Of note, most of these patients (9 of 13) also received HSCT, two of them not based on an indication provided by the protocol but on the knowledge of an ABL-class fusion. Although the rate of relapses was low in this small group, their overall outcome was similar to those patients not treated with TKI. Due to the low number of TKI-treated patients, the potentially confounding influence of HSCT and the very short follow up, no conclusions on the benefit of the use of TKI can be drawn from this study. However, given also the biological and clinical similarities with the Ph^+^ ALL, it is plausible that the early and protracted administration of TKI on top of chemotherapy might improve treatment response and outcome while reducing the need for HSCT in CR1, as shown for Ph^+^ ALL.^[@b14-1051887]--[@b18-1051887]^

This study, despite being the largest in this field, is limited by its retrospective nature. The complex interaction of confounding factors, such as case selection bias, stratification criteria, chemotherapy intensity, HSCT, and different timing/modalities of delivering targeted therapies, do not allow the benefit of a precision medicine approach to be appropriately assessed. There is, therefore, an urgent need for a prospective controlled clinical trial.

To this purpose, it will be crucial to include the early identification of ABL-class fusion ALL cases in the initial diagnostic work-up of patients and to treat them in a properly designed study to investigate the role of TKI and to identify the appropriate chemotherapy backbone. Given the rarity of this clinical entity, this goal can only be pursued by an international collaborative network, like in pediatric Ph^+^ ALL.
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